Abstract. To elucidate strain differences in the sex reversal of genetic females to phenotypic males, GSP and PNP/DO females were left ovariectomized (ovx) between one to three days after hatching, and the degree of masculinization based on sex-related characters, histological analysis of the right gonad and hormone assay were assessed at one year of age. The GSP and PNP/DO inbred lines were both derived from the Fayoumi breed and are only differentiated based on the red blood cell antigen type carried by each inbred line. Combs and wattles were found to be significantly bigger (P<0.05) in the GSP ovx compared with the PNP/DO ovx chickens, although male plumage patterns were more pronounced in the PNP/DO ovx. Spurs were observed both in the GSP and PNP/DO ovx chickens with no significant difference (P>0.05) in length compared with the respective male controls, and body weight was not significantly different (P>0.05) compared with the female controls. The weight of the right gonad was significantly heavier (P<0.05) in the GSP ovx than in the PNP/DO ovx. Positive correlations were found in the sex-related characters as well as the plasma testosterone level and right gonad weight in both the GSP and PNP/DO ovx chickens, but not in the spur length, which showed a negative correlation in the PNP/DO ovx chickens. Histological analysis revealed that the right gonads of the PNP/DO ovx chickens were morphologically developed compared with the GSP ovx chickens, which showed more advance stages of spermatogenesis. It could be inferred that PNP/DO females that exhibit a hereditary persistent right oviduct are more responsive to the masculinizing effect of ovariectomy compared with GSP females, suggesting that genetic background may have a possible contribution to the degree of masculinization and subsequent development of sex related characters.
(J. Reprod. Dev. 56: [154] [155] [156] [157] [158] [159] [160] [161] 2010) he nature of chicken gonadal development is very labile and it is susceptible to hormonal and physical manipulations. Another important intrinsic character of the female genital tract development of the chicken is that only the left ovary and oviduct become functional, while the right gonad is reduced. However, removal of the normally developing left ovary can cause the vestigial right gonad to reactivate and develop into a right gonad that will become a modified testicular structure [1, 2] . The phenotypic features of the left ovariectomized female (ovx) chickens become similar to those of the normal male in terms of secondary sex characteristics such as comb growth, spur development and plumage transformation. The prospect of producing homogametic females or WW super-females can be attained if a successful sex reversal of the female right gonad can be achieved. If such homogametic females can be attained, their mating with normal homogametic (ZZ) males would then produce offspring that would be exclusively females (ZW). This would have enormous value in the poultry industry since only females lay eggs, while males would be more valuable than females, as broilers have an improved growth rate and feed efficiency [3] . Ultimately, if the sex ratio of the chicken can be altered, it would be of great use in experiments on avian sexdetermination, cytogenetics, endocrinology and research on sexlinked antigens. It will also pave the way to preservation of the female germline, which is limited to date compared with the male sperm.
The scarcity of experiments is most certainly not a concern in reports of experimental sex reversal in chickens. A significant number of reports exist in which experimental gonads have been subjected to thorough histological analysis in combination with in situ hybridization of the putative genes known to be involved in chicken gonadal development [4] [5] [6] . Indeed, there have been a plethora of approaches in sex reversal; however, the majority of the treatments have produced variable effects, with only a few cases of the treated subjects exhibiting sex reversal in the specific strain of chicken used [7] . This led us to infer that strain differences in chickens or chicken genetic background might have a contributing factor on the degree of masculinization of left ovariectomized chickens. It has been reported that there is strain preference in the donor and recipient combination for production of germline chimeric chickens [8] . The strain combination of donor White Leghorn and recipient Barred Plymouth Rock produces germline chimeras more frequently than the reverse combination. A strain preference in donor and recipient for production efficiency of W-bearing sperm in mixed-sex germline chimeric chickens has also been observed [9] .
The present study was conducted to elucidate the effect of strain difference on the degree of sex reversal of chickens based on morphohistological analysis of the developed right gonad, acquisition of secondary sexual characters and hormone assay after left ovariectomy.
Materials and Methods

Chicken inbred lines
The GSP and PNP/DO inbred lines maintained at Avian Bioscience Research Center, Nagoya University Graduate School of Bioagricultural Sciences, were used in this experiment. These lines are highly inbred and histocompatible [10] . Both lines were derived from the Fayoumi breed and differentiated on the basis of the red blood cell type antigen carried by each of the inbred lines (GSP -B 21 and PNP/DO -B 1 ) [10] [11] [12] .
Sex identification of chicks
Blood samples were collected at one day post-hatching and DNA was isolated for sexing. The genotypic sex of all the hatchlings was determined by PCR amplification using a thermal cycler (GeneAmp PCR System 9700, Applied Biosystems, Foster City, CA, USA) for the sex chromosome-linked CHD gene according to a previously reported method [13] . Polymerase chain reaction was performed in a 10-μl blood DNA mixture containing 25 μM of each deoxynucleotide triphosphate (Takara, Shiga, Japan), 2 pM of each primer, 0.2 U of Ex Taq polymerase (Takara) and one-tenth 10x PCR buffer (Takara). After an initial denaturation step of 94 C for one minute, the DNA was denatured at 94 C for 20 sec, annealed at 58 C for 20 sec and extended at 72 C for 30 sec. Reactions were subjected to 40 cycles of amplification followed by a final extension step at 72 C for 5 min. The sequences of the primers used were CAAGGATGAGAAACTGTGCAAAA-CAG, CHDFORNEW, and CTATCAGATCCAGAATAT-CTTCTGC, CHDREVNEW [14] . PCR products were electrophoresed on a 3% agarose gel. The bands were visualized under UV radiation after ethidium bromide staining and then photographed (Fig.1) .
Left ovariectomy
All the chicks identified as females were ovariectomized one to three days after hatching. The ovariectomy procedure was based on a previously reported method [15] . An incision was made distal to the last rib to expose the left side of the abdominal cavity. The abdominal organs were slowly displaced to access the ovary. The peritoneum covering the ovary was removed with the aid of a pair of forceps. To prevent hemorrhage, the left ovary was removed in pieces using fine forceps. Since regeneration of the ovary can possibly occur when a small portion of the ovary remains, a thermal cautery unit (Geiger Medical Technologies, Monarch Beach, CA, USA) was used to complete the procedure. The abdominal incision was closed by two layers of continuous suturing. The ovariectomized chickens were reared to maturity under a 14:10 light-dark cycle (lights on 0600-2000 h), and food was given ad libitum with continuous access to water.
Histology of the gonads
In total, 20 and 19 ovariectomized female chickens from the GSP and PNP/DO inbred lines, respectively, and five intact males from each inbred line were used in histological study. The chickens were euthanized at 3 months, 7 months and 1 year of age. The right gonad was removed and fixed in Bouin's solution, embedded in paraffin, sectioned at 5 μm and stained with eosin-hematoxylin.
Tissue samples were observed under a microscope (amplification × 40 and × 100). Histomorphic analyses were performed based on a previously reported method [16] . Measurement of the seminiferous tubules, lumens, epithelium and interstitial gaps was performed for all tubules in three microscopic fields of sections from the right gonad and control testes using a slide micrometer as a reference. The seminiferous tubules and their lumens were measured at the shortest diameter of the exterior and interior of the tubules, respectively. The measured value of the epithelium was calculated as half the difference between the measurements of the seminiferous tubule and lumen. The interstitial gaps were calculated as the average of the largest and smallest values of the epithelium. The area of the seminiferous tubule was calculated as the area of the tubule minus the area of the lumen of the same tubule. Micro-images were captured with a DP70 digital camera (Olympus, Tokyo, Japan) and Olympus BX51 microscopy.
Measurement of secondary sex characters
At one year of age, secondary sex characters were measured in the male, female and ovx chickens. After measuring body weight, the chickens were euthanized by cervical dislocation, and the comb and wattles were removed using a pair of curve scissors and weighed using an electronic milligram scale balance (GX-400, A&D, Tokyo, Japan). Spur length was measured starting at the outside center from the point at which the spur protrudes from the leg scales and was measure to the tip of the spur using a digital caliper (Mitutoyo, Tokyo, Japan). The average values of the left and right wattles and spurs were calculated before analysis. Characterization of the feathers was based on a published anatomical atlas of the chicken [17] .
Hormone assay
Blood samples were collected from five males and females and eight ovariectomized chickens of one year of age from both the GSP and PNP/DO inbred lines using heparinized syringes. After separation by centrifugation, the blood plasma samples were collected and stored at -20 C until determination of the concentrations of testosterone and estradiol. The concentrations of testosterone and estradiol were measured using a commercial kit for EIA (Cayman Chemical, Ann Arbor, MI, USA). After each plasma samples was extracted by diethyl-ether and diluted with EIA buffer, the testosterone and estradiol concentrations were determined according to the assay protocol.
Results
Secondary sex characteristics
Following ablation of the right ovary, female chickens from both inbred lines experienced pubertal phenomena that led them to acquire phenotypic features similar to those of the normal control males. Table 1 summarizes the observed secondary sexual characteristics upon sexual maturity at one year of age among the normal males, females and ovx chickens in the GSP and PNP/DO inbred lines. Both the GSP and PNP/DO ovx chickens were very different compared with the normal females. On the other hand, these ovx chickens showed varying degrees of resemblance to the normal males based on external features, which are summarized below:
Head furnishings: The combs and wattles in the GSP ovx chickens were more developed compared with the PNP/DO ovx chickens (P<0.05). The ovx chickens of the GSP inbred line had significantly bigger (P<0.05) developed head furnishings compared with the female controls, although they were smaller compared with the male controls (P<0.05). The head furnishings of the ovx chickens from the PNP/DO inbred line showed no significant difference (P>0.05) compared with the female controls. The appearance of the ovx chickens of the PNP/DO inbred line resembled to a caponized male chicken.
Spurs: Normally, spurs are not developed in females of the GSP and PNP/DO inbred lines; however, upon ovariectomy, spurs began to develop until maturity. The normal males as well as the ovx chickens from the PNP/DO inbred line had longer spurs (P<0.05) compared with the GSP inbred line. The spurs that developed in the ovx chickens from both inbred lines were as long as those of the normal male chickens (P>0.05).
Plumage pattern: Sexual dimorphism in terms of plumage pattern is very pronounced in the GSP and PNP/DO inbred lines. The plumage pattern of the normal male of the GSP inbred line has white feathers that cover the breast and back areas ( Fig. 2A) , which are absent in normal female chickens (Fig. 2C) , while in the normal male of the PNP/DO inbred line, the breast and wings have darker brown feathers (Fig. 2D) , which are completely absent in the normal female (Fig. 2F) . The plumage morphology of the GSP ovx chickens more closely resembles that of the female except for the remarkable male pattern of the neck (Fig. 3A) . The plumage patterns of the PNP/DO ovx chickens (Fig. 2E) were entirely changed, resembling almost the normal control males (Fig 2D) . The neck, back saddle and main tail feathers were distinctly extended, the tips were thinner and longer and the tail feathers were longer compared with the normal females (Fig. 3B ).
Body weight: The left ovx chicken from the GSP and PNP/DO inbred lines both showed no significant difference in body weight compared with the control females (P>0.05). However, it was noted that the normal males, females as well as the ovx chickens from the GSP inbred line were heavier (P<0.05) than the chickens from the PNP/DO inbred line (Table 1) .
Correlations analysis of secondary sex characters: Further studies using correlations analysis revealed that within the GSP inbred line, ovx chickens with a larger right gonad tended to have more developed head furnishings (P<0.001; Table 2a ). The same relationship was found for the spurs and testosterone level, which correlated with the right gonad size in the GSP ovx chickens (P<0.001). Expectedly, negative correlations (P<0.001) were found between estradiol and right gonad size estimates within the GSP ovx chickens. The correlation trends observed in the GSP ovx chickens were the same as those observed in the PNP/DO ovx chickens except for the spur correlation estimate. In the PNP/DO Fig. 3 . Morphology of feathers from males, females and ovariectomized chickens observed at one year of age. Feather samples were taken from representative samples at different body parts [33] . Bar=0.5 cm for GSP males, PNP males and ovx (tail); Bar=1 cm for GSP, PNP males and ovx (neck, back, saddle), GSP ovx (neck, tail), GSP and PNP females (tail); Bar=2 cm for GSP and PNP females (neck, back, saddle), GSP ovx (back and saddle).
ovx chickens, the right gonad weight had a negative impact on the spur size (Table 2b ). In addition, the right gonad weight showed a moderate correlation with the head furnishings (P<0.001). Histological analysis of the gonad: The development of the right gonad after left ovariectomy was compared between the two inbred lines, GSP and PNP/DO, with reference to normal control testes (Fig. 4) . Comparisons were made at 3 and 7 months old and at 1 year old. After 3 months, the GSP ovx chickens exhibited a more advanced stage of development compared with the PNP/DO ovx chickens. There were tubules containing cells with clear nuclei, which were probably prospective Sertoli cells and were regularly arranged at the periphery (Fig. 4A) . These tubules were surrounded by stromal interstitial cells that would probably develop into Leydig cells. On the other hand, sections of the right gonads of the PNP/DO ovx chickens at 3 months of age were made up of cell cords or clusters of Sertoli cells and spermatocytes. There were apparent male sex cords that contained cells associated with germ cells, and these cords had irregular boundaries (Fig. 4B) .
At 7 months of age, the right gonads of the ovx chickens from the GSP inbred line showed degenerative development (Fig. 4C) . The tubules were irregular in shape, the Sertoli cells lost their organized arrangement and the nuclei of the Sertoli cells were hypertrophied. Seminiferous tubules presenting a central lumen were not observed. All intermediary forms between immature tubules and Sertoli-like tubules were observed. Compared with the structure exhibited by the GSP ovx chickens, the ovx chickens from the PNP/DO inbred line rather showed tubules that seemed to be fertile and composed of a seminiferous epithelium surrounded by a basal lamina (Fig. 4D) . The seminiferous epithelium was comprised of Sertoli cells and germ cells. Most of the seminiferous tubules had a developed central lumen, although asynchronous development in some tubules was observed.
The 1-year-old ovx chickens from the GSP inbred line showed the same structures that were observed at 7 months of development (Fig. 4E) , although there were some seminiferous tubules that had developed a central lumen. The PNP/DO ovx chickens exhibited seminiferous tubules that had Sertoli cells with a normal appearance (Fig. 4F) . In most of the tubules, spermatogenesis was observed representing different stages of cells, and some spermatozoa were seen free in the lumen. It was also observed that the greater organization of the seminiferous tubules, the greater the width of the central lumen, although the lumen of the normal testes of a cock was always narrower. The average height of the seminiferous epithelium measured in the normal testis of the GSP and PNP/DO inbred lines was significantly greater (P<0.05) than that in the gonads from the ovx chicken (Table 3 ). The GSP ovx chicken gonads were heavier, although they were not significantly different (P>0.05) compared with the gonads of the PNP/DO ovx chickens ( Table 1 ). The interstitial gap of the gonads from the PNP/DO ovx chickens was greater than that of the GSP ovx chickens (P<0.05), but it was not greater than that of the respective control testes.
Hormone assay
The levels of plasma testosterone and estradiol were measured and compared at sexual maturity at one year of age in the male, female and ovx chickens (Fig. 5) . The concentrations of testosterone in the males from the GSP and PNP/DO inbred lines were significantly higher (P<0.05) compared with the female and ovx chickens, with values of 44.83 ± 26.77 pg/ml and 145.60 ± 90.56 pg/ml, respectively. The GSP ovx chickens (22.14 ± 18.37 pg/ml) had a higher, although not significant (P>0.05), level of testosterone compared with the females (12.86 ± 5.59 pg/ml) (Fig. 5A) . This trend was also observed in the PNP/DO ovx chickens (15.51 ± 10.24 pg/ml) in comparison (P>0.05) with the females (7.54 ± 2.45 pg/ml; Fig. 5B) . Accordingly, the levels of estradiol observed in the females of the GSP (58.32 ± 5.59) and PNP/DO (23.99 ± 8.62 pg/ml) were significantly higher (P<0.05) compared with those of the males and ovx chickens. The concentrations of estradiol observed in the ovx chickens from the GSP and PNP/DO inbred lines were 20.21 ± 13.68 pg/ml and 7.22 ± 3.10 pg/ml, respectively. The plasma estradiol concentrations observed in the GSP (7.44 ± 1.37 pg/ml) and PNP/DO (7.61 ± 1.95 pg/ml) males were not significantly different (P>0.05) in the respective ovx chickens.
Discussion
The development of a mixed-sex model through sex reversal experiments remains the best candidate as a working hypothesis for elucidating the nature of sex determination in birds, particularly in chickens [18] . It has been reported that in chemically induced sex reversed chickens, germ cell differentiation of the right gonad produces sperm cells and even retains the heterogametic sex chromosome pattern (ZW), which is normal in female chickens [4, 19] . It has also been elucidated that elongated spermatids and sperm carrying the W-chromosome from chickens sex reversed by using a non-steroidal aromatase inhibitor possess fertilizing ability similar to normal male sperm carrying the Z-chromosome [20] . In sex reversal experiments using left ovariectomy with the combination of extraembryonic testis grafting and chemical treatment, varying results in the degree of sex reversal or masculinization have been reported [21, 22] . Considering the various reports of sex reversal experiments, it has never been reported whether strain preferences or the genetic background of the experimental animals are a contributing factor in the degree of sex reversal of the female chicken.
In the present study, two highly inbred lines of chickens, GSP (B
21
) and PNP/DO (B 1 ), which are both derived from the Fayoumi Breed and were only separated and differentiated based on major histocompatibility complex [11, 10] , were used for a sex reversal experiment. Several reports have indicated that the different degrees of sex reversal of genetic females using either chemical treatment or left-ovariectomy mainly depends on the individuals [15, 23, 24] . However, the present study showed consistent degrees of masculinization for the respective inbred line of chicken, indicating that differences in genetic background may play a role in response to induced sex reversal. The variations in androgen receptor content in individuals, which is related to reproductive functions, testosterone levels [25] , as well as variations in the number of diverse cellular populations in the testis are factors that may have contributed to this finding. In addition, probable variation in estradiol and progesterone receptors, although generally associated with female reproduction, may also have an influence in the male reproductive system, such as development of reproductive tissues, spermatogenesis and male fertility [26] [27] [28] [29] .
The acquisition of secondary sexual characteristics in mature chickens is a consequence of hormonal secretions, and this phenotypical expression is dependent upon the production of both androgen and estrogen [30] . The present study showed consistent development of secondary sexual characteristics for the respective lines. The head furnishing was more pronounced in the GSP ovx chickens (Fig. 1) , and a positive correlation was observed with the weight of the right gonad; however, histological analysis revealed a less developed degree of differentiation of the right gonad (Fig. 2 ) compared with the PNP/DO ovx chicken, which had a less developed head furnishings. This might indicate that head furnishings, although possibly a good indicator of testicular weight, is not an indicator of fertility in terms of degree of spermatogenesis. Correlation studies on phenotypic traits such as comb area in male broiler breeders suggest the they maybe a possible indicator of fertility in certain strains [31, 32] . In the GSP ovx chickens, spurs were positively correlated with the weight of the right gonad and testosterone level, which is contrary to the result observed in the PNP/DO ovx chickens (Tables 2a and 2b ). This observation suggests that the right gonad size, genetic sex or even independent effects of testosterone or estradiol did not reflect spur development. There is a possibility that spur development is dependent upon the production and interaction of both testosterone and estradiol hormones.
The development of secondary sexual characteristics such as the plumage pattern is a consequence of the hormonal secretions from the gonads, and thus, changes in feather morphology can be translated as a cause of predominant hormone present in the chicken. The GSP and PNP/DO inbred lines are sexually dimorphic for the feather plumage pattern. In this study, the morphological appearances of the neck, back, saddle and main tail feathers were compared between the males, females and ovx chickens (Fig. 4) . The GSP ovx chicken feather plumage patterns were unchanged except for the neck feathers (Fig. 4A) . On the other hand, the morphological characters of the PNP/DO ovx chicken feathers were completely changed to the male plumage pattern, showing distinctly extended and tapering tips (Fig. 4B ). This observation is in agreement with the results of the hormone analysis, in which the testosterone concentration was higher compared with that of estradiol (Fig. 3) ; this may have permitted the complete change from female to male plumage pattern. Hormone analysis of the GSP ovx chickens (Fig 3) showed a small difference in testosterone and estradiol, which may have inhibited complete transformation of the feathers into the male plumage pattern.
The right gonad morphology, size of the seminiferous tubules, size of the lumen (Table 3) and type of cells in the ovx chickens in both the GSP and PNP/DO inbred lines were relatively different compared with the normal testis (Fig. 2) . Apparent differences in the phase of development and degree of differentiation of the right gonad were observed between the GSP and PNP/DO ovx chickens. The PNP/DO inbred line, which shows a persistent right oviduct, assumed to be caused by some mutation in the endocrinal system of Mullerian duct regression [33] , might also be a contributing factor for the observed difference. Histological analysis of the right gonad of the PNP/DO ovx chickens showed a more advanced degree of spermatogenesis compared with the right gonad of the GSP ovx chickens (Fig. 2) . This could probably be caused by differences in the steroidogenic cells carried by the GSP and PNP/DO ovx chickens. Steroidogenic cells reactivate and contribute to the formation of testicular tubules and to the Leydig cell populations that are responsible for formation of the rudimentary right gonad into a male testis [34] .
The sex reversal of the rudimentary female right gonad of the chicken is highly dependent on the features linked to the specific function of secretory cells (steroidogenic cells), which may be highly influenced by the intrinsic genetic background of the individual chicken. The use of highly homogenous (GSP and PNP/DO inbred lines of chickens) materials in this experiment may have lessened the variation in successful sex reversal usually reported in other studies. Differences in the genetic backgrounds of the chickens may be contributing factors for the success rate of induced sex reversal as elucidated in this study. Development of different sexrelated characters was found to be more pronounced depending on the genetic background of the ovx chickens. Although the ovx chickens in this study developed gonads that had almost the same cellular components as those of normal males, the relative number of cells (sperm and spermatocytes) observed was very low. However, this does not preclude the possibility of extracting these cells and determining their fertilizing ability. A pervious study reported that sperm as well as elongated spermatids carrying the W chromosome from sex-reversed chickens by injection of a nonsteroidal aromatase inhibitor have oocyte activating ability [20] . The contribution of the microenvironment (genetic sex of the host) may play an important role in the success of sex reversal. Thus, we are now transplanting the developed right gonads from ovx chickens to normal castrated males to elucidate the possible development of those transplanted gonads in the normal male environment. Since these chickens are inbred lines and highly histocompatible, the problem of rejection is eliminated. Complete acquisition of secondary sex characters and complete transformation of the rudimentary right gonad is of outmost importance, especially if the purpose of a study is elucidation of sexual differentiation in the chicken.
